To identify genes linked to normal plasma cell (PC) differentiation and to classify multiple myeloma (MM) with respect to the expression patterns of these genes, we analyzed global mRNA expression in CD19-enriched B cells (BCs) from 7 tonsils, CD138-enriched PCs from 11 tonsils, 31 normal bone marrow samples, and 74 MM bone marrow samples using microarrays interrogating 6800 genes. Hierarchical clustering analyses with 3288 genes clearly segregated the 4 cell types, and chisquare and Wilcoxin rank sum tests (P < .0005) identified 359 and 500 previously defined and novel genes that distinguish tonsil BCs from tonsil PCs (early differentiation genes [EDGs]), and tonsil PCs from bone marrow PCs (late differentiation genes [LDGs]), respectively. MM as a whole was found to have dramatically variable expression of EDGs and LDGs, and one-way analysis of variance (ANOVA) was used to identify the most variable EDGs (vEDGs) and LDGs (v1LDG and v2LDG). Hierarchical cluster analysis with these genes revealed that previously defined MM gene expression subgroups (MM1-MM4) could be linked to one of the 3 normal cell types. Clustering with 30 vEDGs revealed that 13 of 18 MM4 cases clustered with tonsil BCs (P ‫؍‬ .000 05), whereas 14 of 15 MM3 cases clustered with tonsil PCs when using 50 v1LDG (P ‫؍‬ .000 008), and 14 of 20 MM2 cases clustered with bone marrow PCs when using 50 v2LDG (P ‫؍‬ .000 09). MM1 showed no significant linkage with normal cell types studied. Thus, genes whose expression is linked to distinct transitions in late-stage B-cell differentiation can be used to classify MM.
Introduction
Although many of the steps in B-cell (BC) development have been elucidated, the final stages of plasma cell (PC) differentiation are not well understood. PCs generated during primary humoral immune responses begin their differentiation in the light zones of the germinal centers of lymph nodes or in the red pulp of spleen and have a life span of only a few days. [1] [2] [3] During secondary humoral immune responses, long-lived PCs migrate from the secondary lymphoid tissues into the bone marrow or into the lamina propria of the mucosa where they survive and secrete large amounts of immunoglobulin for at least 3 weeks. 4, 5 Despite morphologic and functional similarities, PCs isolated from different organs exhibit distinct differences. For example, life spans of tonsil-and bone marrow-derived PCs are different 1, 6, 7 and differences in somatic hypermutation of complementarity-determining regions (CDRs) of IGV genes is evident. 8, 9 Although most of these observations have been derived from rodent models, accumulating evidence suggests that human PCs follow a similar progressive developmental process. [10] [11] [12] [13] [14] [15] [16] [17] Recent studies, using alterations in the expression of a panel of CD markers and the transcription factors BSAP and PRDI-BF1, showed that human PCs follow a gradient of increasing maturity in the direction of tonsil to peripheral blood to bone marrow. 18 PC differentiation is marked by the loss or down-regulation of several molecules including major histocompatibility complex (MHC) class II, CD19, CD20, CD22, CD44, CD45, as well as transcription factors CIITA 19 and BSAP/Pax-5. [20] [21] [22] [23] On the other hand, PCs turn on or up-regulate the transcription factors PRDI-BF1 (Blimp-1) 24, 25 and MUM1/IRF4, 26 the rough endoplasmic reticulum-associated antigen Vs38c, and cell-surface molecules CD138 and CD38. 27 Recently, XBP-1 has been identified as the only transcription factor known to be required for the terminal differentiation of PCs. 28 For a comprehensive examination of the molecular events in PC development, see Calame's review. 27 Multiple myeloma (MM) is a tumor of terminally differentiated PCs that home to and expand in the bone marrow. 29 Although MM appears to originate in a postgerminal center cell, as suggested by the presence of somatic hypermutation, 30, 31 much speculation exists concerning the exact cell in which this malignant transformation occurs. The hypoproliferative nature of MM, with labeling indexes in the clonal PCs rarely exceeding 1%, 32 has led to the hypothesis that MM is a tumor arising from a transformed precursor cell that proliferates and differentiates giving rise to the clonal expansion of terminally differentiated PCs. Indeed, the bone marrow of patients with multiple myeloma contains BC populations at different stages of differentiation that are clonally related to the malignant PCs. 33 Corradini and colleagues have shown that bone marrow BCs, transcribing the MM PC-derived VDJ gene joined to immunoglobulin M (IgM) sequence in IgG-and IgAsecreting MM, can exist. 34 Other investigations have shown that the clonogenic cell in MM originates from a preswitched but somatically mutated BC that lacks intraclonal variation. 30, 31 Detection of a high frequency of circulating BCs that share clonotypic Ig heavy-chain VDJ rearrangements with MM PCs using single-cell in situ reverse transcriptase-polymerase chain reaction (RT-PCR) has furthered this hypothesis. 35 Microarray analysis of global gene expression patterns has become a powerful means of identifying clinical subgroups of hematopoietic neoplasms. [36] [37] [38] [39] [40] [41] [42] Alizadeh et al used gene expression profiling to identify distinct clinical entities of diffuse large B-cell lymphoma (DLBCL) related to either pregerminal or postgerminal center B cells with the pregerminal center-like group having a poorer clinical course. 37 The conclusions of these studies were exquisitely dependent on the ability to put DLBCL gene expression in the context of cells representing different stages of normal BC differentiation.
Here we show that comparative microarray profiling of CD19-enriched tonsil BCs with CD138-enriched PCs from tonsil and bone marrow allowed the identification of previously defined and novel genes differentially expressed during late stage BC development. Hierarchical clustering of MM and normal samples using these genes revealed that subsets of MM could be linked to the 3 normal cell types studied. These MM clusters were found to be consistent with previously defined unsupervised gene expression defined subgroups, such that MM4, MM3, and MM2 have tonsil BC-like, tonsil PC-like, or bone marrow PC-like expression features, respectively.
Materials and methods

Cell isolation and analysis
Tonsils were obtained from patients undergoing tonsillectomy for chronic tonsillitis. Tonsil tissues were minced, softly teased, and filtered. The mononuclear cell fraction from tonsil preparations and bone marrow aspirates was separated by a standard Ficoll-Hypaque gradient (Pharmacia Biotech, Piscataway, NJ). The cells in the light density fraction (specific gravity [SG] ϳ 1.077) were resuspended in cell culture media and 10% fetal bovine serum, red blood cell (RBC) lysed, and several phosphate-buffered saline (PBS) wash steps were performed. Tonsil and bone marrow PC enrichment was performed using directly conjugated monoclonal mouse anti-CD138 microbeads (Miltenyi Biotec, Auburn, CA) and an immunomagnetic bead selection process as previously described. 42 B-lymphocyte isolation was performed using directly conjugated monoclonal mouse anti-human CD19 microbeads (Miltenyi-Biotec). All samples were obtained with appropriate consent according to University of Arkansas for Medical Sciences guidelines.
Cytospin preparations were prepared following microbead enrichment and cells fixed and stained using DiffQuick (Dade Diagnostics, Aguada, Puerto Rico). Both CD19-and CD138-enriched cells were subjected to immunofluorescence microscopy for cytoplasmic immunoglobulin light chain (cIg) expression. The analysis was performed essentially as described. 43 Briefly, cytospin preparations of cells were fixed in 100% ethanol and stained with 100 L of a 1:20 dilution of AMCA (7-amino-4-methylcourmarin-3-acitic acid) conjugated goat anti-human-kappa immunoglobulin light chain (Vector Laboratories, Burlingame, CA), washed 2 times in 1 ϫ PBD (1 ϫ PBS ϩ 0.1% NP-40), then 100 L of a 1:100 dilution of fluorescein isothiocyanate (FITC)-conjugated goat anti-humanlambda immunoglobulin light chain (Vector Laboratories) washed and stained with propidium iodide at 0.1 g/mL in 1 ϫ PBS for 5 minutes, washed in 1 ϫ PBD, and antifade added (Molecular Probes, Eugene, OR). Cells were visualized using an Olympus BX60 epifluorescence microscope (Olympus, Melville, NY) equipped with appropriate filters.
Fluorescence-activated cell sorting (FACS) analysis was performed on unpurified mononuclear cells and CD19-enriched or CD138-enriched cells using FITC-labeled CD20, phycoerythrin (PE)-labeled CD38, FITC-or PE ϩ Texas Red-labeled CD45, PE-or PE ϩ Cy5-labeled CD138, and isotype-matched control G1 antibodies (Beckman Coulter, Miami, FL). For detection of CD138 after CD138 microbead enrichment, we employed an indirect detection strategy using an FITC-labeled rabbit anti-mouse IgG antibody (Beckman Coulter). Cells were taken after Ficoll Hypaque gradient or after microbead enrichment, washed in PBS, and stained at 4°C with antibodies. After staining, cells were resuspended in 1 ϫ PBS and analyzed using an Epics XL-MCL flow cytometry system (Beckman Coulter).
RNA purification and microarray hybridization and analysis
Detailed protocols for RNA purification, cDNA synthesis, cRNA preparation, and hybridization to the Affymetrix HuGeneFL GeneChip microarray have been described. 42 The HuGenFL gene expression data for all samples described in this study can be obtained from our web site (http:// lambertlab.uams.edu).
Gene expression data analysis
Hierarchical clustering of average linkage clustering with the centered correlation metric was employed. 44 A total of 3228 genes were scanned across 7 cases each of tonsil BCs, tonsil PCs, bone marrow PCs, and MM PCs. The 3228 genes were derived from 6800 by filtering out all control genes, all genes with absent absolute calls, and genes not fulfilling the test of Max-Min greater than 3.0 (3.0 being the natural log of the average difference call).
Gene expression profiles of 7 CD19-enriched BCs were compared with those from 11 CD138-enriched tonsil PC samples. The genes differentiating these 2 groups were defined as early differentiation genes (EDGs). Gene expression profiles of the same 11 tonsil PC samples were compared with those of 31 CD138-enriched bone marrow PCs. The most significantly differentially expressed genes in this comparison were defined as late differentiation genes (LDGs). The first test applied was a chi-square test ( 2 ) of the absolute call (an Affymetrix algorithm-based parameter of whether the gene is absent or present). In each comparison, genes with 2 values more than 3.84 (P Ͻ .05) or having "present" absolute calls in more than half of the samples in each group were retained. In this way, 2662 and 2549 genes discriminated between the tonsil BCs and tonsil PCs and tonsil PCs and bone marrow PCs, respectively.
To compare gene expression levels, the nonparametric Wilcoxin rank sum (WRS) test (P Ͻ .0005) was applied to natural log transformed average difference call (an Affymetrix algorithm-based quantitative measure of gene expression). In this analysis, 496 and 646 discriminated between tonsil BCs and tonsil PCs and tonsil PCs and bone marrow PCs, respectively. By combining the 2 and WRS data, 359 EDGs and 500 LDGs were identified. To define whether expression changes were up or down in one group compared with the other, the nonparametric Spearman correlation test of the average difference call was employed.
To classify MM with respect to EDGs and LDGs, 74 newly diagnosed cases of MM and the tonsil BC, tonsil PC, and bone marrow PC samples were tested for variance across the 359 EDGs and 500 LDGs using a one-way analysis of variance (ANOVA) test. The top 50 EDGs showing the most significant variance across all samples were defined as variable EDGs (vEDGs); likewise, the top 50 LDGs showing the most significant variance were defined as variable 1 LDGs (v1LDG). Subtracting the v1LDGs from the 500 LDGs and then applying one-way ANOVA to the remaining genes was used to identify variable 2 LDGs (v2LDG). Hierarchical clustering was applied to all samples using the vEDGs, v1LDGs, and v2LDGs. Of the 50 vEDGs, 20 were left out of the clustering analysis because these genes generally showed no variability across the MM sample group and thus could not be used to distinguish MM subgroups. These genes were filtered out by applying the Max-Min greater than 2.5 test.
Results
Cell analysis of CD19-enriched tonsil BCs and CD138-enriched tonsil and bone marrow PCs FACS analysis of the tonsil preparations before CD19 microbead enrichment showed that approximately 70% of the cells had a CD20 hi /CD38 lo immunophenotype ( Figure 1A ). After anti-CD19 immunomagnetic bead enrichment, the CD20 hi /CD38 lo cells were enriched to 98% ( Figure 1B ) and were essentially void of CD138 ϩ cells. A mean of 95% (SD 3%) of the cells in the 7 tonsil-derived CD19-enriched samples used for gene expression profiling had a CD20 hi /CD38 ϩ/lo cell surface phenotype. Morphologic analysis ( Figure 1B , top right) and FACS suggested that the CD19-enriched cells consisted of a combination of follicular mantle and subepithelial B lymphocytes (CD38 lo , small cells) and germinal center centroblasts and centrocytes (CD38 ϩ , larger cells). Immunofluoresence staining for cIg light chain expression revealed that CD19-enriched fractions contained less than 5% cIg staining cells, indicating only a minor contamination with PCs ( Figure 1B , bottom right).
FACS for the cells with a PC phenotype in the tonsil mononuclear fractions revealed that CD38 hi /CD45 Ϫ cells represented between 1% and 2% and CD138 hi /CD45 Ϫ cells represented less than 1% ( Figure 1C ). CD138 selection dramatically enriched cells with a PC immunophenotype ( Figure 1D ). A mean of 89% (SD 4%) of the cells in the 11 CD138-enriched tonsil samples had a CD38 hi /CD45 lo/Ϫ immunophenotype. Due to the nature of the selection process, CD138 lo/Ϫ /CD38 ϩ PCs were lost during CD138 enrichment. The CD138-selected cells had PC morphology with an increased cytoplasmic-to-nuclear ratio and prominent endoplasmic reticulum ( Figure 1D , top right) and more than 90% were cIg-positive ( Figure 1D , bottom right).
CD38/CD45 and CD138/CD45 dual-color FACS analysis of the bone marrow mononuclear cell samples from healthy donors revealed that between 0.5% and 2% of the population appeared to be PCs ( Figure 1E ). The percentage of CD38 hi /CD45 Ϫ cells in the preselected bone marrow mononuclear cells was less than that seen in the tonsil. FACS analysis after CD138 enrichment showed that more than 95% of the cells had a PC immunophenotype ( Figure  1F ). A mean of 92% (SD 4%) of the 31 normal bone marrowderived and 95% (SD 3%) of the 74 MM bone marrow-derived CD138-enriched cells (data not shown) had a CD38 hi /CD45 lo/Ϫ cell surface phenotype. A comparison of the FACS analysis of the CD138-enriched cells from the tonsil and bone marrow revealed that the percentages of CD38 ϩ /CD45 ϩ and CD38 ϩ /CD20 ϩ cells were greatly reduced in the bone marrow cells compared with tonsil cells. As with the tonsil PC, the bone marrow CD138-enriched cells had PC morphology ( Figure 1F , top right) and more than 95% were cIg positive ( Figure 1F , bottom right).
Comparative gene expression profiling of CD19-and CD138-enriched B-cell populations
The expression patterns of approximately 6800 genes were determined for CD19-enriched tonsil BCs, CD138-enriched tonsil PCs, and bone marrow PCs using Affymetrix high-density oligonucleotide microarrays. The mean average difference call for a panel of CD markers and transcription factors known to change during PC development was compared across the 3 normal cell types (Table  1) . Genes for CD45, CD20, CD79B, CD52, CD19, CD22, CD83, and CD72 showed high expression in tonsil BCs, intermediate levels in tonsil PCs, and low or absent expression in bone marrow PCs. CD21 showed no significant differences in the tonsil BC to tonsil PC comparison, but showed a significant reduction in bone marrow PCs. Conversely, CD138, CD38, and CD63 were absent or weakly expressed on tonsil BCs, with intermediate levels on tonsil PCs, and high in bone marrow PCs. To our knowledge, this is the first indication that CD63 may be differentially regulated during PC differentiation. CD27 showed significant up-regulation in the comparison of tonsil BCs to tonsil PCs; however, the tonsil and bone marrow PCs showed no significant differences.
Expression of the transcription factor IRF4 was significantly elevated in tonsil PCs compared with tonsil BCs and was higher in bone marrow PCs than in tonsil PCs. XBP1 showed a more than 4-fold increase in expression in the comparison of tonsil BCs to tonsil PCs, but no significant difference between tonsil and bone marrow PCs. On the other hand, CTIIA, STAT6, and BLK (a direct target of BSAP or PAX5, [20] [21] [22] [23] ) and the BCL2 homologue BCL2A1 were down-regulated in the tonsil BC to tonsil PC transition, whereas BCL6 was down-regulated in the tonsil PC to bone marrow PC transition. Although not present on the HuGeneFL GeneChip, recent studies using the U95Av2 GeneChip, have revealed that Blimp-1 (PRDM1) expression is significantly elevated in both tonsil and bone marrow PCs compared with tonsil BCs (our unpublished data, May 2002). Interestingly, whereas MYC showed significant down-regulation in the tonsil BC to tonsil PC transition, it was reactivated in bone marrow PCs to levels higher than those in the tonsil BCs. Whereas the chemokine receptors CXCR4 and CXCR5 showed down-regulation in the tonsil BC to tonsil PC transition, CXCR4, like MYC, was reactivated in bone marrow PCs.
We next used 2 and WRS analysis to identify 359 and 500 genes whose mRNA expression was significantly different (P Ͻ .000 05) in comparisons of tonsil BCs to tonsil PCs and tonsil PCs to bone marrow PCs, respectively. Genes that were significantly differentially expressed in the tonsil BC to tonsil PC transition were referred to as EDGs and those differentially expressed in the tonsil PC to bone marrow PC transition were referred as LDGs. A total of 235 of the 359 EDGs (65%) and 43 of the top 50 EDGs (86%) were down-regulated in tonsil PCs compared with tonsil BCs. The 50 most significantly differentially expressed EDGs are listed in Table 2 . The largest group of genes in the top 50 EDGs encode transcription factors. Of 16 transcription factors, only 3 (XBP1, IRF4, and BMI1), were up-regulated. There were 4 ets domain-containing proteins (ETS1, SPIB, SPI1, and ELF1) that were found to be down-regulated EDGs. Other transcription factors included the repressors EED and ID3, as well as the activators RUNX3, ICSBP1, REL, ERG3, and FOXM1. MYC and CIITA were also among the down-regulated transcription factors. The IRF family member, interferon consensus sequence binding protein, ICSBP1, which is a lymphoidspecific negative regulator, was the only gene that was expressed at a 3-plus level in tonsil BCs and shut down in tonsil PCs (and bone marrow PCs). Genes coding for proteins involved in signaling represented the second-most abundant class of EDGs. CASP10 represented the only signaling protein up-regulated in tonsil PCs. GBP1, the Rho family members ARHG and ARHH, and the proto-oncogene HRAS were down-regulated GTP-binding EDGs. There were two members of the tumor necrosis factor family, TNF and lymphotoxin beta (LTB), as well as the TNF receptor binding protein TRAF5, that were identified. The IL4R and the cxc receptor, CXCR5 (BLR1), represented the only receptors in the list. MNK1 and the B lymphocyte-restricted kinase BLK (direct target of BSAP) were the only kinases in the top 50 EDGs. Adhesion molecules ITGA6 and PECAM1 were up-regulated EDGs and represented the only adhesion genes in the EDG class. These genes also showed an up-regulation in the comparison of tonsil PC to bone marrow PC, and PECAM1 was also identified in the top 50 LDGs (Table 3) . Other multiple-member classes of down-regulated EDGs included cell cycle (CCNF, CCNG2, and CDC20) or DNA repair/maintenance (TERF2, LIG1, MSH2, RPA1) genes.
A total of 310 of 500 (62%) LDGs were up-regulated or turned on in the tonsil PC to bone marrow PC transition. This is in contrast to the EDG where a majority of the genes were turned off or down-regulated in the tonsil BC to tonsil PC transition. The 50 most significantly differentially expressed EDGs are listed in Table 3 . Although 16 EDGs were transcription factors, only 5 LDGs belonged to this class. The BMI1 gene, which was an up-regulated EDG, was also an up-regulated LDG, indicating that Accession numbers are GenBank accession numbers for the Affymetrix probe set. Symbols are Human Genome Organization (HUGO)-approved gene symbols for the Affymetrix probe set. The numbers in the columns under the tonsil BC (TBC), tonsil PC (TPC), and bone marrow PC (BPC) headings represent the mean of the average difference call plus or minus the standard deviation for the given gene. Differences in expression across comparisons were significant (P Ͻ .01) unless the data cell is shaded.
the gene undergoes a progressive increase in expression during differentiation. BMI1 was the only up-regulated transcription factor. The genes MYBL1, MEF2B, and BCL6 were shut down in bone marrow PCs and the transcription elongation factor TCEA1 was also down-regulated. The largest class of LDGs (n ϭ 16; 11 up-regulated and 5 down-regulated) coded for proteins involved in signaling. The LIM-containing protein with both nuclear and focal adhesion localization, FHL1; and the secreted protein, JAG1, a ligand for Notch, IGF1; and BMP6 were up-regulated. The dual-specific phosphatase DUSP5 and the chemokine receptor Quantitative gene expression (QGE) was defined as being at 1 of 5 levels. A gene was "Ϫ" if all the samples in the group had an absent absolute call (AC), "ϩ" when all samples had present AC and average difference call (AD) Ͻ 1000, "ϩϩ" when all samples had present AC and AD between 1000 and 5000, "ϩϩϩ" when all samples had present AC and AD between 5000 and 10 000, and "ϩϩϩϩ" when all samples had present AC and AD Ͼ 10 000. Up-regulated LDGs (n ϭ 7) in the tonsil BC to tonsil PC transition are listed first. A hierarchy in the listing of genes was established such that QGE (5 expression levels) increases from top to bottom and from left to right for up-regulated genes and increases from top to bottom and decreases from left to right for down-regulated genes. Although the expression patterns of bone marrow PCs were not used to derive the list of EDGs, the gene expression levels in these cells are provided for reference.
Accession numbers are GenBank accession numbers corresponding to the Affymetrix GeneChip probe set for the given gene. Symbols are HUGO-approved gene symbols. TBCs indicates CD19-enriched tonsil BCs; TPCs, CD138-enriched tonsil PCs; BPCs, CD138-enriched bone marrow PCs.
CCR2 represented genes with the most dramatically altered expression and were turned on to extremely high levels in bone marrow PCs while absent in tonsil PCs. Additional up-regulated LDGs included CAV1 and CAV2, plasma membrane proteins important in transportation of materials and organizing numerous signal transduction pathways. 45 There were 4 adhesion molecules (SELPG, ITGA4, PECAM1, and EMP3) up-regulated in bone marrow PCs. As seen in the EDGs, no LDG adhesion genes were down-regulated. ARHH, which was down-regulated in tonsil PCs, also showed a significant decrease in bone marrow PCs compared with tonsil PCs. The lymphocyte-specific kinases SYK and LCK were shut off in bone marrow PCs. Consistent with a role in regulating longevity of bone marrow PCs, the antiapoptotic BCL2 was up-regulated and the proapoptotic BIK was down-regulated. A lymphoid-restricted, integral endoplasmic reticulum membrane protein LRMP (JAW1), was a down-regulated LDG, a finding consistent with previous studies showing down-regulation of this gene at the PC stage of BC development. 46 
Identification of genes with similar expression between MM and cells at different stages of B-cell development
To provide a comprehensive assessment of the distinctions between the samples under study, we performed a hierarchical cluster analysis with 3288 genes on 7 tonsil BC, 7 tonsil PC, 7 bone marrow PC, and 7 MM PC samples ( Figure 2 ). As expected, this analysis revealed a major division between the CD19-enriched tonsil BC samples and all the CD138-enriched PC samples, with the exception of one tonsil PC sample being clustered with tonsil BCs. The CD138-enriched PC branch was further subdivided into 2 distinct subbranches, one containing the tonsil and bone marrow PCs and the other containing the MM PCs. The tonsil and bone marrow PCs were separated on separate subbranches.
Although hierarchical clustering with 3288 genes distinguished MM from the other normal tissues, we recognized that MM also exhibited a high degree of variability in expression of EDGs and LDGs, with some MM having tonsil BC-or tonsil PC-like patterns Table 2 note.
for these genes. Thus, to determine the extent of this variability and to see if it could be used to classify MM, a one-way ANOVA analysis of the EDGs and LDGs was performed across the normal cell types and MM. The 50 most-variable EDG (vEDGs) are listed in Table 4 . This list consists of 18 up-regulated and 32 downregulated EDGs that exhibit tonsil BC-like expression in all MM. The cyclin-dependent kinase 8 (CDK8), which was undetectable ("Ϫ," absent absolute call) in tonsil BCs, was up-regulated to a "ϩϩϩϩ" level in both tonsil and bone marrow PCs, but was either absent or at a "ϩ" or "ϩ ϩ" level in all MM cases, representing one of the most dramatic examples of a vEDG. Of the 50 v1LDGs (Table 5 ), 34 were LDGs that exhibited up-regulation in the tonsil PC to bone marrow PC transition and had tonsil PC-like expression in all or a subset of MM. The remaining 16 v1LDGs had the reverse pattern. Unlike vEDGs, only 15 of the top 50 v1LDGs showed tonsil PC-like patterns in all MM. The cxc chemokines SDF1, PF4, and PPBP represented the most dramatic v1LDGs. Expression of these genes was undetectable in both tonsil PCs and MM PCs, yet these genes were expressed at 3-plus (SDF1) or 4-plus (PF4 and PPBP) in bone marrow PCs. Results for SDF1 were validated by Table 2 note. The range of QGE levels for genes with variable expression in MM are given as lowest level/highest level.
the fact that 2 separate and distinct probe sets interrogating different regions of SDF1 (accession numbers L36033 and U19495) showed identical patterns across the samples.
Having identified tonsil PC-like MM genes in v1LDGs, we sought to identify a subset of LDGs that had bone marrow PC-like expression in MM. By subtracting the v1LDGs from the 500 LDGs we were able to eliminate the genes with tonsil PC-like expression from the list of LDGs. Applying one-way ANOVA to the remaining genes allowed the identification of so-called variable 2 LDGs (v2LDGs). Unlike the vEDGs and v1LDGs, whose expression in subsets of MM resembled that seen in tonsil BCs and tonsil PCs, respectively, v2LDGs tended to show similar expression levels between bone marrow PCs and subsets of MM (Table 6 ). All v2LDGs showed variability within MM and the variability could be dramatic. For example, whereas expression of the apoptosisinducer BIK was absent in bone marrow PCs, the expression ranged from negative to 4-plus in MM. A large class of v2LDGs represented genes coding for enzymes involved in metabolism with a majority involved in glucose metabolism. Metabolism genes were not a predominant class in vEDGs and v1LDGs. Table 2 note. The range of QGE levels for genes with variable expression in MM are given as lowest level/highest level.
Hierarchical cluster analysis with vEDGs, v1LDGs, and v2LDGs reveals relationships between gene expression-based and developmental stage-based groups of MM
To identify whether the variability in gene expression seen in MM might be used to identify subgroups of disease, we performed hierarchical cluster analysis of 74 newly diagnosed MM cases, 7 tonsil BC, 7 tonsil PC, and 7 bone marrow PC samples using the vEDGs ( Figure 3A) . The cluster analysis created 2 major branches, one containing the tonsil BCs and one containing the tonsil PCs and bone marrow PCs intermingled. A total of 22 of the 74 MM cases clustered with the tonsil BCs. We have previously shown that the 74 MM cases used in this study could be separated into 4 distinct gene expression-defined subgroups (MM1 through MM4). 42 An analysis of the 22 MM cases clustering with the tonsil BCs revealed that 13 of 18 MM4, 5 of 15 MM3, 1 of 21 MM2, and 3 of 20 MM1 cases (P ϭ .000 05) made up this group (Table 7 ). An identical clustering approach was applied to the v1LDGs ( Figure 3B ). As expected, v1LDG clustering segregated bone marrow PCs and tonsil PCs into 2 major cluster branches. The tonsil BCs were tightly clustered together on a separate subbranch of the tonsil PC Figure 4A ). Kruskal-Wallis tests revealed that expression differed across the samples (P Ͻ 4.25 ϫ 10 Ϫ5 ) and box charts revealed that with the exception of SNRPC and PRIM1, all genes showed a progressive reduction in the median expression from tonsil BCs to tonsil PCs to bone marrow PCs. The box charts also showed strong similarity between tonsil BCs and MM4. In addition, although PRIM1 expression was significantly different across the entire group (P ϭ 4.25 ϫ 10 Ϫ5 ), no differences existed between tonsil BCs and MM4 (WRS P ϭ .1) or between tonsil PCs and MM3 (WRS P ϭ .6).
Additional evidence for a link between MM4 and tonsil BCs is supported by the expression pattern of the transcription factor XBP1 ( Figure 4B ). XBP1 was identified as an EDG (Table 2) but was not in the list of the 50 most significant vEDGs. A KruskalWallis test revealed significant differences across the groups (P ϭ 3.85 ϫ 10 Ϫ10 ) and a box chart showed a prominent upregulation in the tonsil PCs (median of log value of average difference call ϭ 10.9) compared with tonsil BCs (median of log value of average difference call ϭ 9.5). However, XBP1 showed a 42 The normal cell-defined cluster for tonsil BCs (horizontal red bar), tonsil PCs (horizontal blue bar), and bone marrow PCs (horizontal yellow bar) are indicated. The clustering is presented graphically as a colored image. Along the vertical axis, the analyzed genes are arranged as ordered by the clustering algorithm. The genes with the most similar patterns of expression are adjacent to each other. Experimental samples are arranged the same way along the horizontal axis; those with the most similar patterns of expression across all genes are adjacent to each other. Sample groupings can be further described by following the solid lines (branches) that connect the individual components with the larger groups. The color of each cell in the tabular image represents the expression level of each gene, with red representing an expression greater than the mean, green representing an expression less than the mean, and the deeper color intensity representing a greater magnitude of deviation from the mean. reduction in bone marrow PCs and a progressive reduction across the 4 MM subgroups from MM1 to MM4. Other EDG and LDG transcription factors linked to PC differentiation, for example, BCL6, CIITA, and IRF4, did not show significant differences in expression across the MM subgroups (data not shown).
Discussion
CD19-enriched BCs from human tonsil and CD138-enriched PCs from tonsil and bone marrow were used to compare the gene expression changes associated with late-stage BC differentiation. This global survey allowed the identification of previously defined and novel genes discriminating these cell types, which should aid in the elucidation of the genetic pathways involved in PC development. It is important to note that it is likely that many more novel genes remain to be discovered because only 6800 of the estimated 35000 human genes were investigated in this analysis. Although the CD19-enriched cells used in this study represented a heterogenous mixture of BCs, they appeared to represent an adequate cell population for identifying genes modulated as BCs progress to the tonsil PC stage of development, as genes known to change during this process showed significant variation in the comparison of these 2 groups. In addition, hierarchical clustering analysis with 3288 genes created 2 major branches containing either tonsil BC or PC samples. Furthermore, the 3 types of PC samples (tonsil PCs, bone marrow PCs, and MM PCs) could be further distinguished. Overall, the expression differences were consistent with the cells representing distinct stages of maturation in a direction of tonsil BCs to tonsil PCs to bone marrow PCs.
Consistent with the terminal differentiation of PCs, many genes involved in cell-cycle control and DNA metabolism were found to be down-regulated in tonsil PCs. The downward modulation of the DNA ligase, LIG1, repair enzymes MSHC and RPA1, the checkpoint gene CDC20, and the cyclins CCNG2 and CCNF may have important consequences in inducing the quiescent state of PCs. The telomeric repeat binding protein, TERF2, which is one of 2 recently cloned mammalian telomere binding proteins, acts to protect telomere ends, prevent telomere end-to-end fusion, and may be important in maintaining genomic stability. 47, 48 It will be of interest to determine if TERF2 is down-regulated during the terminal differentiation of all cell types, and whether the lack of this gene product in tumors results in structural chromosome rearrangements, a common feature of MM. The CDC28 protein kinase 2 gene, CKS2, which binds to the catalytic subunit of the cyclin-dependent kinases and is essential for their biologic function, was the only cell-cycle gene in the LDGs being expressed in tonsil PCs, cells capable of modest proliferation, 49 and extinguished in bone marrow PCs. Thus, shutting down CKS2 expression may be critical in ending the proliferative capacity of bone marrow PCs.
Overall, the largest group of genes altered in these comparisons represented transcription factors. Surprisingly, 4 members of the ets family of transcription factors, ETS1, SPI1, SP1B, and ELF1, known to be expressed in the BC lineage, 50 were shut down in tonsil PCs. ETS1 knock-out mice show massive increases in both splenic and peripheral blood PCs, [51] [52] [53] supporting the notion that reduction of this protein is critical in PC differentiation. Given that multiple transcription factors appear to be modulated during PC differentiation, more extensive global expression profiling combined with sophisticated data mining tools may help elucidate the transcriptional networks driven by each of the various classes of transcription factors discovered in this study. MM4 samples are distributed along the x axis and the natural log-transformed average difference call is plotted on the y axis. The top, bottom, and middle lines of each box correspond to the 75th percentile (top quartile), 25th percentile (bottom quartile), and 50th percentile (median) of the natural log-transformed average difference call for each gene, respectively. The whiskers extend from the 10th percentile (bottom decile) and top 90th percentile (top decile). The Kruskal-Wallis test for differences in expression of each gene across the groups are: EZH2, P ϭ 7.61 ϫ 10 Ϫ11 ; KNSL1, P ϭ 3.21 ϫ 10 Ϫ8 ; PRKDC, P ϭ 2.86 ϫ 10 Ϫ11 ; SNRPC, P ϭ 5.44 ϫ 10 Ϫ12 ; CCNB1, P ϭ 2.54 ϫ 10 Ϫ8 ; CKS2, P ϭ 9.49 ϫ 10 Ϫ11 ; CKS1, P ϭ 5.86 ϫ 10 Ϫ9 ; PRIM1, P ϭ 4.25 ϫ 10 Ϫ5 . Note the similarity in expression of each gene in TBC and MM4. (B) Box chart of XBP1. Note that all MM subgroups have lower median expression levels than BPCs and that MM4 has the lowest level of XBP1 in the MM subgroups. Lack of expression of XBP1 in MM4 may account for the relationship between MM4 and TBCs. Gene expression-defined MM subgroups are as described in Zhan et al. 42 Normal cell-defined cluster indicates MM cases clustering with CD19-enriched BCs using vEDGs (n ϭ 22), CD138-enriched tonsil PCs using v1LDGs, or CD138-enriched bone marrow PCs using v2LDGs, defined by vEDGs as described in Figure  2 . The MM cases within each normal cell type-defined cluster were separated based on whether the sample belonged to MM1, 2, 3, or 4.
MM PCs are derived from the bone marrow and are thought to represent a transformed counterpart of normal terminally differentiated bone marrow PCs. However, the dramatic differences in survival, which can range from several months to more than 10 years, suggest that MM may represent a constellation of several subtypes of disease that may reflect differences in the cell of origin. Using microarray profiling we previously demonstrated that MM can be classified into 4 distinct gene expression-based subgroups that exhibit differences in proliferation characteristics as well as clinical parameters associated with poor outcome. 42 Variability in expression of the 359 EDGs and 500 LDGs in 74 newly diagnosed MM cases provided a means of classifying this malignancy, in that 3 of the 4 gene expression-defined subgroups had distinct similarities to the 3 normal cell populations studied, such that MM4, MM3, and MM2 have tonsil BC-like, tonsil PC-like, or bone marrow PC-like expression features, respectively.
Most of the vEDGs used to classify MM4 as a tonsil BC-like subtype of disease belonged to a range of gene classes, including adhesion, transcription, signaling, and metabolism, with very few vEDGs being associated with cell proliferation. However, comparison of expression of a panel of proliferation genes across MM and normal cell types advanced the relationship between the MM4 group and tonsil BCs. In addition, the expression of XBP1, a transcription factor essential for PC differentiation, was significantly different across the 4 MM subgroups, with MM4 having the lowest level of the MM subgroups and thus being more similar to the tonsil BCs. A future question will be whether reduced XBP1 is a cause or effect in the apparent de-differentiated state of the MM4 subtype. It is of note that other transcription factors important in regulating PC development, for example, IRF4, BCL6, CIITA, STAT6, and PAX5, did not show the down-regulation seen with XBP1.
Using the same type of analysis described in this study, we identified a panel of genes distinguishing 7 CD19-enriched peripheral blood BCs (kind gift from B. Klein) from the 7 CD19-enriched tonsil BCs. Hierarchical clustering with the most variable of these genes showed no link (P ϭ .39) between the 4 MM subgroups and CD19-enriched peripheral blood BCs (our unpublished data, June 2002), suggesting that similarities between MM and normal BC development stages may be limited. It is important to note that MM1 was the only gene expression-defined subgroup lacking strong similarities to any of the normal cell types analyzed in our current study. It is possible that MM1 may be related to mucosalderived PCs or peripheral blood PCs, which have recently been shown to represent a distinct type of PC. 18 Although the distribution of MM2, MM3, and MM4 subgroups in the normal cell-defined clusters was significant, there were outliers. For example, the tonsil BC cluster consisted mainly of MM4 cases, but 5 MM3, 1 MM2, and 3 MM1 cases were also found in this cluster. In addition, 10 of 60 cases that could be clustered with normal cell types clustered with 2 different normal cell types depending on whether the genes used in the cluster analysis were VEDG, V1LDG, or V2LDG. Furthermore, 3 MM4, 5 MM2, and 6 MM1 cases could not be clustered with any of the normal cell types. These data demonstrate a lack of complete correlation between the class systems and that the possible plasticity seen suggests that outlier cases may have intermediate characteristics and may represent distinct clinical entities. It will be important to determine if our unsupervised gene expression-based or developmental stage-based classification system alone or in combination will represent a robust clinical stratification of MM. We anticipate that in the next year or two the clinical response data on this cohort of newly diagnosed MM cases treated with high-dose therapy and stem cell support will mature and allow us to answer this question. 
